Previous current-clamp studies in rat hippocampal slice CA1 neurons have found aging-related increases in long-lasting calcium (Ca)-dependent and Ca-mediated potentials. These changes could reflect an increase in Ca influx through voltagegated Ca channels but also could reflect a change in potassium currents. Moreover, if altered Ca influx is involved, it is unclear whether it arises from generally increased Ca channel activity, lower threshold, or reduced inactivation. To analyze the basis for altered Ca potentials, whole-cell voltage-clamp studies of CA1 hippocampal neurons were performed in nondissociated hippocampal slices of adult (3-to 5-month-old) and aged (25-to 26-month-old) rats. An aging-related increase was found in high-threshold Ca and barium (Ba) currents, particularly in the less variable, slowly inactivating (late) current at the end of a depolarization step. Input resistance of neurons did not differ between age groups. In steady-state inactivation and repetitive-pulse protocols, inactivation of Ca and Ba currents was not reduced and, in some cases, was slightly greater in aged neurons, apparently because of larger inward current. The current blocked by nimodipine was greater in aged neurons, indicating that some of the aging increase was in L-type currents. These results indicate that whole-cell Ca currents are increased with aging in CA1 neurons, apparently attributable to greater channel activity rather than to reduced inactivation. The elevated Ca influx seems likely to play a role in impaired function and enhanced susceptibility to neurotoxic influences.
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Increasing evidence gathered over more than a decade has pointed to altered neuronal calcium (Ca) homeostasis as a correlate of brain aging (for review, see Khachaturian, 1984 Khachaturian, , 1989 Gibson and Peterson, 1987; Landfield, 1987 Landfield, , 1995 Michaelis et al., 1992; Disterhoft et al., 1993 Disterhoft et al., , 1994 Michealis, 1994) . Several Ca regulatory processes have been implicated in this Ca dysregulation, including those involved in the buffering and extrusion of cytosolic Ca (Michaelis et al., 1984 (Michaelis et al., , 1989 Peterson and Gibson, 1984; Gibson and Peterson, 1987; Martinez-Serrano et al., 1992) .
In addition, it appears that voltage-gated Ca influx may be elevated in aged hippocampal neurons. An aging-related increase in voltage-activated potentials that are Ca-mediated or Cadependent [e.g., the Ca action potential and the Ca-dependent afterhyperpolarization (AHP)] has been found consistently in CA1 neurons of rats (Landfield and Pitler, 1984; Kerr et al., 1989; Pitler and Landfield, 1990 ) and rabbits (Moyer et al., 1992; Disterhoft et al., 1993) . Furthermore, hippocampal frequency potentiation (facilitation), a form of short-term synaptic plasticity that is impaired in aging rats, also is Ca-dependent. This type of facilitation can be strengthened in aging rat hippocampal neurons by elevating external magnesium (Mg) (Landfield et al., 1986) , which blocks Ca influx through both voltage-and receptor-operated Ca channels (Lansman et al., 1986; Mayer and Westbrook, 1987) .
Several factors could account for an aging-related increase in long-lasting Ca-mediated potentials. Not all potassium (K) currents are blocked under the current-clamp protocols measuring voltage, and therefore reduced K currents could underlie the prolongation and/or increased amplitude of Ca-mediated potentials. Alternatively, if the aging changes do arise from altered Ca channel activity, several possible factors could underlie these changes, including an increase in available Ca channels (Thibault and Landfield, 1996) , a decrease in threshold for Ca current activation, or reduced sensitivity of Ca currents to inactivation. However, these factors have not yet been evaluated in detail in the CA1 neurons in which increased Ca-mediated potentials have been found.
High-threshold voltage-gated Ca currents in neurons are subject to Ca current-dependent inactivation as well as to voltagedependent inactivation in a wide range of excitable cells (Eckert and Chad, 1984; Armstrong and Eckert, 1987; Obejero-Paz et al., 1991; Imredy and Yue, 1992) , including hippocampal pyramidal neurons (Pitler and Landfield, 1987; Nistri and Cherubini, 1990; Kay, 1991) . Moreover, independent voltage-and Ca-dependent forms of inactivation processes coexist in some of the same cell types (Hadley and Lederer, 1991; Kay, 1991; Obejero-Paz et al., 1991) . Clearly, a reduction of Ca-(or voltage)-dependent inactivation processes in aged neurons could be a factor in the increase in long-lasting Ca-mediated potentials in CA1 neurons. Rather than a reduction, several investigators instead have observed aging-related increases or no age differences in the inactivation of Ca currents, but this has been in other neuron types and in the context of different overall results (Reynolds and Carlen, 1989; Kostyuk et al., 1993; Murchison and Griffith, 1995) (see  Discussion) .
Thus, the mechanistic basis of the aging-related increase in Ca influx in CA1 neurons or, in fact, whether such an increase in high-threshold current even is observed in CA1 neurons under whole-cell voltage clamp remains uncertain. To address these questions, voltage-clamp analyses were carried out in the present study, using the intracellular sharp electrode voltage-clamp (SEVC) method (Johnston et al., 1980) in nondissociated hippocampal slices to minimize alteration of the internal milieu of the neurons.
MATERIALS AND METHODS
Animals used in these experiments were healthy, male Fischer 344 (F344) rats obtained from the National Institute on Aging-sponsored Harlan Industries specific-pathogen-free colony. Rats were 3-5 months (young adult) or 25-26 months (aged) of age when used and were housed in an air-barrier protected system before use. Slices were prepared and maintained using techniques generally similar to those described elsewhere (for review, see Dingledine, 1984 ) (see also Pitler and Landfield, 1990; Thibault et al., 1994) . After decapitation, the brains were removed rapidly and chilled to 0ЊC in artificial CSF (ACSF). The hippocampi were carefully dissected free and placed on the tissue chopper. Approximately ten 450-mM-thick slices were cut from the middle of each hippocampus transverse to its longitudinal axis. The slices were maintained in an interface type recording chamber at a temperature of 32.5ЊC.
A nylon mesh net supported slices at the interface of an atmosphere of moistened 95% O 2 /5% CO 2 and the ACSF bath containing (in mM): NaCl 128, KH 2 PO 4 1.25, glucose 10, NaHCO 3 26, KCl 3, CaCl 2 2, MgCl 2 2. Before recording, slices were allowed to equilibrate with the medium and recover for 1 hr.
Borosilicate glass micropipettes (World Precision Instruments, Gaitherburg, MD), pulled on a Sutter Instruments P-80/PC puller (Novato, CA) (70 -100 M⍀, filled with 2 M cesium (Cs)Cl 2 , pH 7.15), were used to impale CA1 neurons. Data were recorded in both current-clamp and discontinuous SEVC modes (Axoclamp 2A, Axon Instruments, Foster City, CA) and displayed on a digital storage oscilloscope (Nicolet model 3091). Cells generally were voltage-clamped with a 2-3 kHz sampling frequency using the continuous output of the headstage to ensure full decay of voltage across the electrode before each sampling point. The long time constants of these neurons (15-25 msec) met the requirements for effective discontinuous voltage clamp (e.g., membrane time constant Ͼ Ͼ electrode time constant) even with these high resistance micropipettes (cf. Johnston et al., 1980; Finkel and Redman, 1985) . Leak subtraction was performed digitally on-line by the method of fractional hyperpolarizing pulses. The data were stored and analyzed off-line with cursors on a computer equipped with TECMAR analog/digital converter and math coprocessor using programs developed in the laboratory based on ASYST Technologies software (L. Campbell, unpublished programs). Repeatedmeasures ANOVA and post hoc Bonferroni group comparisons were used to analyze responses of adult and aged rat neurons.
Although differences in the passive, electrotonic properties of the cell could result in altered control of regenerative voltages (Johnston and Brown, 1983; Spruston et al., 1994) , this does not appear to be a factor in the present studies. Most intracellular studies have found that there are no major aging-related changes in the passive membrane properties [input resistance (IR) and time constants]) of several types of hippocampal neurons (cf. Barnes and McNaughton, 1980; Landfield and Pitler, 1984; Kerr et al., 1989; Reynolds and Carlen, 1989; Pitler and Landfield, 1990; Potier et al., 1993; Moyer and Disterhoft, 1994 ) (for review, see Barnes, 1994) . In addition, although estimates in CA1 pyramids indicate that the electrotonic length is ϳ0.9 (Brown et al., 1981; Johnston and Brown, 1983; Turner and Schwartzkroin, 1984) , the large dendritic shafts, which with the soma contain the vast majority of L-type channels , are electrotonically close to the soma (e.g., 0.1-0.2 space constants). Cells in this study also were Cs-loaded, which presumably reduced electrotonic distance significantly (Johnston et al., 1980) , and many of the currents were studied at the end of the pulse (late current) from a holding potential of Ϫ40 mV, which enhanced clamp efficacy (see Results).
Inconsistent viability of slices and neurons can affect substantially the variance of Ca current recordings, making it extremely difficult to detect subtle aging changes. Therefore, all slices and cells included for analysis had to meet several rigorous criteria. A slice was considered healthy and usable in the present study if a population spike of 4 -8 mV amplitude could be recorded by an extracellular pipette (3-7 M⍀) located in the CA1 pyramidal layer in response to a 100 sec, 300 -400 A pulse applied through a bipolar stimulating electrode to the Schaffercommissural fibers and if other slices in the same well did not exhibit seizure-like activity during strong repetitive stimulation (ϳ1000 A) at 2 Hz. IR measurements were obtained from each cell (during a 40 msec, 0.2 nA constant current hyperpolarizing pulse) from a holding potential of Ϫ70 mV. To reduce variability attributable to either cell size or poor health, only cells from healthy slices that exhibited sodium (Na) spikes of at least 75 mV, near-complete Cs blockade of the Ca-dependent AHP, and an IR between 35 and 65 M⍀ were used in these studies. No age differences were found in the proportions of neurons meeting these criteria.
For cells meeting the criteria above, tetrodotoxin (TTX) (1 ϫ 10
was applied to the bath to block Na spikes (Fig. 1) . After Cs loading and application of TTX, a Ca action potential (spike) was elicited in currentclamp mode ( Fig. 1 B) by holding the cell at Ϫ70 mV and applying an intracellular 40 msec constant current depolarizing pulse (at 150% of threshold for the Ca spike). For subsequent study in voltage-clamp mode, slices then were treated with tetraethylammonium chloride (TEA) (5 Figure 1 . Voltage-response records of a Cs-loaded CA1 hippocampal neuron from a young animal. A, Intracellular current injection induces a burst of Na action potentials. Note that 2 M CsCl in the pipette blocks the AHP. B, Blocking Na action potentials with TTX unmasks a sharp Ca spike followed by a slow lower amplitude ("hump") phase lasting Ͼ200 msec. C, Additional block of repolarizing K conductances with TEA prevents repolarization of the sharp spike component resulting in a long Ca action potential plateau at near-maximum amplitude (ϳ2 sec). All records are from the same cell and were recorded at a holding potential of Ϫ70 mV; 400 msec horizontal scale bar applies to C only. mM) to block most remaining voltage-activated K conductances (Storm, 1990) . Efficacy of TEA block was assessed for each neuron used in these studies by the occurrence of a substantial prolongation of the plateau of the initial fast component of the Ca spike (from ϳ30 msec without TEA to about ϳ3000 msec with TEA) and was checked repeatedly throughout the experiment and strengthened by adding TEA if necessary (Fig. 1C) . In some studies, the dihydropyridine (DHP) L-type Ca channel antagonist nimodipine (Bayer, West Haven, CT) was applied to the bath at a saturating final concentration of 10 mM. This concentration is substantially higher than necessary to saturate L channels (McCarthy and TanPiengco, 1992) but was used in light of the variable drug availability and diffusion that occurs in a thick slice preparation. Nimodipine was mixed in stock solutions with 100% ethanol and protected from light during storage and throughout the experiments. The stock solutions were mixed with ACSF to achieve a final alcohol dilution of no more than 0.05%.
RESULTS

Calcium action potentials (spikes)
Before performing the voltage-clamp studies, it was important to ensure that the particular cells being analyzed in this study also showed the aging-related increases in Ca spikes that had been seen previously. Therefore, before establishing voltage clamp, neurons were run through a Ca spike measurement and inactivation protocol similar to those used in previous studies. Under our conditions Landfield, 1987, 1990) , Ca spikes exhibit two distinct phases: (1) a fast spike component with a sharp onset and peak amplitude of ϳ80 mV, lasting 20 -30 msec, and (2) a subsequent lower amplitude plateau phase, or "hump," component lasting ϳ200-250 msec, followed by a gradual return to resting membrane potential ( Fig. 1 B) (see also Disterhoft et al., 1993) . After stabilization, Ca spike duration, amplitude, and inactivation during a 2 Hz train of depolarizing current pulses (150% threshold) were measured. As shown in Figure 2 A, the aged rat CA1 neurons in the present study exhibited longer Ca spike durations than did neurons from young-adult rats (F (1,39) ϭ 14.9, p Ͻ 0.001; adult cells, n ϭ 28; aged cells, n ϭ 13), replicating earlier findings (Pitler and Landfield, 1990; Disterhoft et al., 1993) . Again, no differences in peak spike amplitude were observed. Inactivation of the Ca spike during repetitive activation has been shown previously to be Ca-dependent, because it is much reduced in barium (Ba) (Pitler and Landfield, 1987) . The present studies also replicated the observation that Ca-dependent inactivation of the Ca spike is not reduced with aging (Pitler and Landfield, 1990) and, in fact, may have been somewhat increased in the present study, as indicated by a significant interaction between age and the train of five consecutive depolarizations elicited at 2 Hz (F (4,156) ϭ 7.80; p Ͻ 0.001) (Fig. 2 B) . This interaction appears to reflect somewhat steeper inactivation between the first and second pulses in the aged neurons (Fig. 2 B) . Thus, this population of neurons showed aging changes in longlasting Ca-mediated potentials similar to those seen previously and, therefore, provided an appropriate population in which to investigate the underlying currents in voltage-clamp mode. In addition, as in earlier studies in rat brain neurons (Barnes and McNaughton, 1980; Landfield and Pitler, 1984; Kerr et al., 1989; Potier et al., 1993; Barnes, 1994) , IR of neurons did not differ with aging (adult, 47 Ϯ 3.1 M⍀, aged 48.3 Ϯ 2.7 M⍀), indicating that neurons from the two age groups generally were similar in size and passive electrotonic structure.
Ca currents
After voltage measures were obtained, neurons were treated with TEA to block most of the remaining K conductances (Fig. 1C) , and the recording mode was changed from current clamp to discontinuous voltage clamp. Figure 3A illustrates the appearance of voltage-activated Ca currents in these neurons and the degree of voltage control at different holding potentials. The larger, more rapidly inactivating current on the left was evoked by depolarization from Ϫ70 mV. Under these conditions, the peak of this (top) and aged (bottom) animals. The third trace illustrates the intracellular constant current pulse (40 msec) used to trigger the Ca spike. The "hump" or slow plateau phase is consistently larger and prolonged in spikes from aged neurons. However, peak amplitude of the fast spike phase is not different with aging. B, Mean Ϯ SEM. Effects of repetitive stimulation (2 Hz train, 40 msec pulses) in 28 adult and 13 aged rat neurons on the inactivation of Ca spike duration. Relative inactivation was unchanged or slightly greater in the aged rat neurons, possibly reflecting larger Ca influx. current was difficult to clamp completely with the SEVC, as shown by the error in the clamp voltage (Fig. 3A , arrow, bottom left) (see also Johnston et al., 1980; Finkel and Redman, 1985) . However, much of this initial large peak current could be inactivated at a holding potential of Ϫ40 mV (right) allowing a substantially more effective clamp (Fig. 3A , bottom right) (see also Gähwiler and Brown, 1987; Nistri and Cherubini, 1990) . Therefore, the more slowly inactivating Ca currents, which include the L-type and some N-and P/Q-type currents (Fox et al., 1987; Llinas et al., 1989; Plummer et al., 1989; Swartz and Bean, 1992; Eliot and Johnston, 1994; Randall and Tsien, 1995) , appear to be studied more accurately by holding at Ϫ40 mV. In addition, because of inactivation during the pulse, measurement accuracy was enhanced further by measuring current at the end of the depolarizing command step (late current) rather than at the peak. Consequently, many of the aging comparisons were performed from a holding potential of Ϫ40 mV, and late current generally was measured along with peak current.
Because of this difficulty in accurately clamping the large, rapidly inactivating peak currents, a current-voltage (I-V ) analysis of activation patterns was not performed for each neuron in this study. However, I-V relations were studied in subsets of adult and aged neurons in which the clamp appeared to be most effective (as determined by a gradual activation curve and minimal loss of control in the voltage trace). In these subsets (n ϭ 6 adult and 5 aged neurons), the voltage dependence of the Ca currents appeared similar in adult and aged neurons with maximum current elicited during steps to the Ϫ20 to Ϫ10 mV range (Fig. 3B) . Consequently, activation protocols for aging comparisons in the present studies ensured full activation by employing voltage command steps to 0 mV, well above maximum. A prominent longlasting tail current generally follows each depolarization pulse (Fig. 3A) . As shown in Figure 3A (right), the long tail often exhibits a delayed activation at lower holding potentials. These long tail currents are observed consistently in adult slice hippocampal neurons (Pitler and Landfield, 1987; Nistri and Cherubini, 1990; Kerr et al., 1992) and resemble a space-clamp artifact that could arise from unclamped distal dendrites. However, single Ca channel openings during the repolarization period that follows a depolarization pulse also are observed on the somata of hippocampal neurons (Fisher et al., 1990; Thibault et al., 1993, Kavalali and Plummer, 1996) . In addition, several lines of evidence indicate that the long tail current is a Ca current and that it does not arise in the large apical dendrite (Thibault et al., 1995) . On the other hand, the single-channel openings on the soma during the repolarization phase do not seem sufficient to account for these large tails under relatively physiological conditions. Therefore, the tail currents may arise from a combination of repolarization openings of Ca channels and unclamped small dendrites. However, this is a complex and unresolved issue, and the tail current was not investigated systematically in the present study.
Steady-state inactivation
Patterns of the voltage dependence of inactivation of the Ca currents were studied using a steady-state inactivation (or h-infinity) protocol in which the holding potential was maintained for prolonged periods at different voltages. Ca currents during 200 msec depolarizing steps to 0 mV were measured in each neuron from increasingly positive holding potentials, which were incremented in shifts of 5 mV, beginning at Ϫ60 mV. Cells were held for 5 sec at each of the nine increasingly positive holding potentials, before the 200 msec depolarizing step. Figure 4 A shows averaged traces for adult (n ϭ 13) and aged (n ϭ 9) rat neurons studied in this paradigm. Figure 4 , B and C, shows the statistical The upper left trace reflects a large rapidly inactivating current elicited from Ϫ70 mV, whereas the actual voltage trace obtained during that depolarization (bottom left) shows a sharp deviation from the imposed voltage at the peak of the current (arrow). The efficacy of the voltage clamp can be improved by holding the cell at Ϫ40 mV, which inactivates much of the current (upper right). The voltage control during the pulse (bottom right) is improved substantially. A prominent long tail current followed the depolarization induced current (see text) but was not assessed in these studies. B, Mean Ϯ SEM for peak currents of a subset of neurons in each age group (adult, n ϭ 6 neurons; aged, n ϭ 5 neurons). Cells were held at Ϫ80 mV and stepped to ϩ15 mV in increments of 5 mV. All points are not plotted. data (mean Ϯ SEM) for peak current (B) and late current at the end of the command step (C) for the averaged currents shown in A. Currents at both the peak and the end (late current) of the step were larger in aged rat neurons when assessed by t test at only the holding potential of Ϫ60 mV ( p Ͻ 0.01). However, ANOVA across all holding potentials examined in the steady-state inactivation protocols showed that the main effect of age was not significantly different for peak currents over the full range of holding potentials. This was because the current amplitudes for the two age groups became less different at higher holding potentials (Fig. 4 B) . Nevertheless, a significant main effect of age (by ANOVA) was present for the late current (Fig. 4C ) across all holding potentials (F (1,20) ϭ 7.52; p Ͻ 0.02). Thus, high-threshold Ca currents were larger in aged rat neurons, particularly for the slowly inactivating late current measured at the end of the step.
As noted, the age difference in current amplitude was diminished at more positive holding potentials, particularly above Ϫ40 mV, resulting in a highly significant interaction term in the two-way ANOVA between age and holding potentials (F (8,160) ϭ 3.33; p Ͻ 0.002 for late current) (Fig. 4C ). This appears to reflect greater steady-state inactivation of high-threshold Ca currents in the aged group, particularly at the higher holding potentials. However, given that Ca current influx occurs at potentials above approximately Ϫ40 mV (Fig. 3B) , this protocol does not clearly separate contributions from voltage-and Ca-dependent forms of inactivation.
The degree of inactivation during a pulse to 0 mV from a holding potential of Ϫ60 mV also was evaluated for these neurons. No aging difference was found in the inactivation during the pulse, either as determined by the percent decrease At increasingly positive voltages, the rapidly inactivating component decreased relatively more than the late current measured at the end of the pulse. Currents from aged neurons were larger than currents from young-adult neurons, although the differences decreased with increasing inactivation at higher voltages. Both a significant main effect of age and a significant interaction between age and holding potential (reflecting the disappearance of the aging effect at more positive, inactivating voltages) were found.
in current from beginning to end of the pulse or by the time constant of the decay. In young-adult rat neurons, the percent decrease during the pulse was 42.8 Ϯ 3.0%, whereas in aged rat neurons, the decrease was 46.2 Ϯ 1.9%. The average time constant of decay over the 200 msec pulse was 51.3 msec for the adult rat neurons and 60.1 msec for the aged rat neurons.
Repetitive-pulse inactivation
Measurements of Ca-dependent inactivation of Ca currents were obtained more directly in experiments using a 3 Hz repetitiveactivation train of five depolarizing pulses (to 0 mV, 200 msec each, from a holding potential of Ϫ40 mV) (Fig. 5A) . Previous studies have shown that current decline in the later pulses of the Holding potentials of Ϫ40 mV reduced the rapidly inactivating component and allowed more accurate measures of the slowly inactivating Ca current. B, Mean Ϯ SEM of peak (a) and late (b) current measured in the protocol shown in A. The charge carrier was 2 mM Ca. Both peak and late Ca currents were significantly larger in neurons from aged (n ϭ 22) than from young adult (n ϭ 25) animals, but a significant interaction was found between age and repetitive pulses only for peak current (a). C, Mean Ϯ SEM of peak (a) and late (b) current in neurons (n ϭ 12 adult and 11 aged neurons) with Ba (2 mM) substituted for Ca as the charge carrier. The aging difference still is apparent, but the overall rate of inactivation is slowed. However, a significant interaction between age and repetitive pulses was present for both peak and late currents, possibly reflecting greater inactivation in the aged group. train in this protocol directly reflects Ca-dependent inactivation in these neurons, because the degree of inactivation is reduced when Ba is the charge carrier and because no detectable outward currents are present between pulses (Pitler and Landfield, 1987) . In 25 adult and 22 aged neurons, a significant main effect of age was found on peak current (Fig. 5B, a) across the 3 Hz train (F (1,45) ϭ 6.07; p Ͻ 0.02). In addition, the main effect of repetitive stimulation was highly significant ( p Ͻ 0.001). The interaction between age and repeated pulses also was significant (F (4,180) ϭ 2.96; p Ͻ 0.03), again reflecting a difference in the inactivation pattern between the young and aged groups. As with the Ca spike data (Fig. 2 B) , this interaction appeared to result primarily from relatively steeper inactivation between the first and the second pulses in the aged group. However, it is difficult to conclude that inactivation generally was greater in the aged group, because when currents were normalized to the first pulse in each neuron, no significant age differences were observed in the decline of fractional current across pulses (data not shown). Late current (Fig. 5B, b) also showed a significant main effect of age (F (1,45) ϭ 7.21; p Ͻ 0.01), although a significant interaction with repetitive pulses was not seen. As with peak current, analyses of normalized fractional late current did not show an age difference (data not shown).
A similar experiment was performed on a different set of cells (adult, n ϭ 12; aged, n ϭ 11) in which Ba (2 mM) was substituted for Ca as the primary external divalent cation charge carrier (Fig.  5C, a,b) . In Ba, overall currents were larger, and the general degree of inactivation was reduced compared with Ca-bathed cells, as would be anticipated from the relatively greater permeability of Ba through Ca channels (Tsien et al., 1988) and its relatively weaker effect in inducing current-dependent inactivation of Ca channels (Eckert and Chad, 1984; Pitler and Landfield, 1987; Kay, 1991; Obejero-Paz et al., 1991) . Nevertheless, aging effects were analogous to those in Ca in that the main effect of aging was significant across the five-pulse train for the late current (F (1,21) ϭ 4.8, p Ͻ 0.04). Some differences from Ca were noted, however, in that main effects of age on peak current were not significant (apparently reflecting greater variability attributable to larger peak amplitudes in Ba), but a highly significant interaction was found between age and repeated stimulation (F (4,84) ϭ 14, p Ͻ 0.001) for late current, again possibly reflecting greater inactivation during the train in the aged rat neurons (Fig. 5C ). This latter conclusion was supported by the observation that, unlike the results in Ca medium, ANOVAs of normalized currents revealed significant main effects of aging resulting from a greater decline of fractional current for aged neurons on both peak ( p ϭ 0.05) and late ( p Ͻ 0.002) currents (data not shown). Although not as effective as Ca, Ba can induce current-dependent inactivation in the hippocampus (Kay, 1991) as well as other cell types (Fedulova et al., 1985; Kasai and Aosaki, 1988; Mazzanti et al., 1991a) . Thus, although some differences are seen between Ba and Ca currents, possibly related to different current amplitudes or inactivation efficacies, overall, the repetitive-activation studies indicate that the degree of inactivation of Ca channel currents was not reduced with aging and, instead, may have been slightly greater in some experiments.
Contribution of L-type channels
L-type channels appear to contribute to the Ca-mediated potentials that are increased with aging (see below), and therefore the effects of nimodipine, a DHP L-type channel antagonist, were investigated in a subset (adult, n ϭ 4; aged, n ϭ 4) taken from the same cells shown in Figure 5B . Each of those cells was exposed to saturating concentrations of nimodipine (10 mM) ϳ15 min after the initial protocols (Fig. 5) . At 10 min after initial nimodipine exposure, peak Ca currents again were measured. Nimodipine reduced peak Ca currents significantly in both the young-adult (paired t test, p Ͻ 0.03) and aged neurons ( p Ͻ 0.02) to a degree consistent with several other whole-cell studies in hippocampal neurons using SEVC (Gähwiler and Brown, 1987) and patchclamp (Regan et al., 1991; Swartz and Bean, 1992; Eliot and Johnston, 1994) methods. In addition, the amount of current reduction was greater in the aged (1.13 Ϯ 0.23 nA) than in the adult (0.32 Ϯ 0.1 nA) neurons ( p Ͻ 0.05 for difference currents) (data not shown). However, although the absolute current reduced by nimodipine was greater in aged neurons, studies with larger groups will be required to determine whether there is an age-related increase in the percentage of nimodipine-sensitive current relative to other Ca currents.
DISCUSSION
The present study provides direct evidence from whole-cell voltage-clamp measures, under conditions in which repolarizing K currents were well-blocked, that voltage-gated Ca currents in CA1 hippocampal neurons are increased significantly with aging. Although quantitative group comparisons are difficult to perform under voltage-clamp conditions, given the large variability in cell size and clamp efficacy, the use of holding potentials of Ϫ40 mV and measurements obtained at the end of a 200 msec depolarizing pulse appeared to substantially improve reliability of the measurements. In addition, setting strict criteria for cell health and restricting the IR range ensured that poorly sealed, unhealthy, or very large or very small cells were excluded from the analysis. Although TEA and Cs do not block all K currents, they block most of the hyperpolarizing K currents on the time scale that might be expected to affect Ca current measures in this study (Storm, 1990) , and each neuron used in the analyses was confirmed for K current blockade according to the protocol in Figure  1 . Therefore, K currents do not appear to influence the Ca current data significantly. Thus, these results indicate that earlier findings on Ca-mediated potentials in CA1 neurons may be accounted for, at least in part, by an increase in overall Ca current influx at the whole-cell level.
Several other voltage-clamp studies have found results on Ca current influx that are somewhat contradictory to ours (Reynolds and Carlen, 1989; Kostyuk et al., 1993) , and some have found similar results but for a different type (T) of Ca current (Murchison and Griffith, 1995) . However, in those studies, cell types other than CA1 pyramidal neurons were investigated and/or different cell preparation and recording methods were used, some of which can be relatively traumatic. That other cell types exhibit patterns of aging changes different from those in CA1 neurons perhaps is not surprising, because many brain or peripheral regions (including dentate gyrus and dorsal root ganglion) (Reynolds and Carlen, 1989; Kostyuk et al., 1993) do not show major indications of neuropathology in aging or Alzheimer's disease (Coleman and Flood, 1987) . In addition, although some studies have not replicated all statistically significant effects of aging on the AHP and Ca spike in CA1 neurons, in those studies, very similar nonsignificant or barely significant trends were observed (Potier et al., 1993) . The slightly discrepant results appeared to be attributable to differences in rat strains and/or extracellular Ca concentrations (Potier et al., 1993) .
Among the key questions on the aging-related increase in Ca currents is its underlying mechanistic basis. The results here clearly indicated that the increase in Ca current was not attributable to reduced inactivation processes, as determined either in repetitive-activation or steady-state inactivation protocols. Earlier current-clamp studies also had found no aging-dependent reduction in the Ca-dependent inactivation of Ca spikes (Pitler and Landfield, 1990) . In some of the present analyses, moreover, there was a significant interaction term resulting from steeper initial inactivation (Figs. 2 B, 4C , 5B) in aged cells or a greater fractional decline of current in aged neurons (Fig. 5C ). These results appear to reflect a slightly enhanced degree of inactivation in aged neurons, although this effect did not appear to be substantial and likely was simply attributable to the greater current influx (see also Reynolds and Carlen, 1989) . The steady-state inactivation protocol does not clearly separate voltage-dependent and Cadependent forms of inactivation, but the apparently greater inactivation in aged neurons appears confined to potentials above Ϫ40 mV (Fig. 4C ). Because this is the approximate threshold for voltage-gated Ca influx (Fig. 3B) , the greater inactivation in aged neurons in this protocol again simply could result from enhanced Ca influx. Thus, the main result on inactivation relevant to the processes underlying increased Ca currents with aging was that a reduction of inactivation processes is not a likely candidate for the mechanism of aging-dependent enhancement of Ca current. Consequently, current-dependent inactivation processes appear to be at least as sensitive in aged as in adult CA1 neurons.
The present studies also indicated that the increase in Ca current influx does not appear to be attributable to altered threshold or voltage dependence, because no age differences were observed in the I-V studies in subsets of cells (Fig. 3B ) and voltage test pulses were stepped to potentials well above threshold in all cells used in comparisons of adult and aged neurons. However, this conclusion must be considered preliminary, because not every cell could be analyzed in a full I-V protocol.
If reduced inactivation processes or a shift in voltage dependence do not account for the greater whole-cell Ca current, then it appears likely that Ca channel flux generally is elevated. This could occur through higher open probability, larger singlechannel conductance, or increased density of available channels. Recent single-channel studies show that an increased density of available L-type Ca channels is a concomitant of aging in hippocampal CA1 pyramidal cells (Thibault and Landfield, 1996) . In addition, L-type Ca currents appear to contribute importantly to generation of the AHP and the Ca spike (Mazzanti et al., 1991b; Moyer et al., 1992; Moyer and Disterhoft, 1994) , and L-channel blockers block the AHP more effectively in aged neurons (Moyer et al., 1992) . Here, nimodipine also blocked more Ca current in aged neurons. Thus, an increased density of functionally available (L-type) Ca channels appears to be a strong candidate for the basis of at least some of the aging-related increase in Ca influx. However, it is well established that there are several functional types of high-threshold voltage-activated Ca channels (Tsien et al., 1988 (Tsien et al., , 1991 Bean, 1989; Llinas et al., 1989; Miller, 1992; Catterall et al., 1993; Randall and Tsien, 1995) , and multiple channel types also are present in hippocampal neurons (Fisher et al., 1990; Mogul and Fox, 1991; Regan et al., 1991; Eliot and Johnston, 1994) . Therefore, it remains to be determined whether the nimodipine-sensitive current component accounts for all of the aging-related increase.
Independent of the mechanism, an increase in voltage-gated Ca current influx seems likely to have a wide range of functional consequences. One Ca-dependent process (the K-mediated AHP) appears to play a key role in regulating neuronal excitability (Madison and Nicoll, 1984; Storm, 1990; Lancaster and Zucker, 1994) and may modulate learning and memory processes (Disterhoft et al., 1988) . Thus, an increased AHP could reduce neuronal firing rate significantly and affect cognitive functions (Moyer et al., 1992; Disterhoft et al., 1993) . Consistent with this possibility is evidence that L-channel antagonists can enhance learning in aged animals (Deyo et al., 1989; Scriabine et al., 1989; McMonagleStrucko and Fanelli, 1993) . Further, the increase in L-type channel density may be correlated with impaired maze performance (Thibault and Landfield, 1996) .
In addition to the possible consequences of elevated Ca influx in the soma, it appears that synaptic function also might be affected by excess Ca influx (Landfield et al., 1986) . Several functional synaptic alterations are seen during neuronal aging (Barnes and McNaughton, 1980; Smith and Rosenheimer, 1984; Bickford et al., 1986; Landfield et al., 1986; Rose et al., 1986; Bickford-Winer et al., 1988; Deupree et al., 1993 ) (for review, see Landfield, 1988; Barnes, 1994; Geinisman et al., 1995) , and synaptic transmission of course requires Ca influx presynaptically and is associated with Ca influx postsynaptically through NMDA receptors (Mayer and Westbrook, 1987) . Furthermore, recent studies have shown that synaptic input also activates voltage-gated Ca channels and Ca influx in dendrites, which, in turn, may influence conduction of EPSPs to the soma through amplification or shunting (Regehr et al., 1989; Miyakawa et al., 1992; Brown and Jaffe, 1994; Elliott et al., 1995; Magee and Johnston, 1995) . Thus, altered Ca influx could affect a number of aspects of neuronal function in multiple compartments of the neuron.
Persistent elevation of [Ca] also can gradually induce structural degeneration or at least make neurons more vulnerable to other neurotoxic influences (Choi, 1995) . Hippocampal neurons in vivo often fire Na action potentials in the 3-20 spikes/sec range (Barnes et al., 1983) , with each spike generating Ca elevation of sufficient duration to sustain an AHP for 150 -500 msec (Madison and Nicoll, 1984; Lancaster and Zucker, 1994) . Therefore, an enhanced Ca influx with each action potential in aged neurons, which the present results indicate occurs, might result in an essentially continuous elevation of [Ca] above levels found in adult rat neurons. A persistent elevation of Ca influx, even of moderate proportions, could enhance the susceptibility of aging hippocampal neurons to a variety of neurotoxic and neurodegenerative processes and, in part, could account for why aging is the greatest risk factor for Alzheimer's disease (Katzman and Saitoh, 1991) .
